By assuming the existence of (quasi)-linear baryon Regge trajectories, we derive new quadratic Gell-Mann-Okubo type baryon mass relations. These relations are used to predict the masses of the charmed baryons absent from the Baryon Summary Table so far, in good agreement with the predictions of many other approaches.
The investigation of the properties of hadrons containing heavy quarks is of great interest for understanding the dynamics of the quark-gluon interaction. Recently predictions about the heavy baryon mass spectrum have become a subject of increasing interest [1 − 11] , due to current experimental activity of several groups at CERN [12] , Fermilab [13] and CESR [14, 15] aimed at the discovery of the baryons so far absent from the Baryon Summary Table [16] . Recently, for the LHC, B-factories and the Tevatron with high luminosity, several experiments have been proposed in which a detailed study of heavy baryons can be performed. In this connection, an accurate theoretical prediction for the baryon mass spectrum becomes a guide for experimentalists. To calculate the heavy baryon mass spectrum, potential models [1, 17 − 22] , nonrelativistic quark models [23 − 25] , relativistic quark models [6] , bag models [26 − 29] , lattice QCD [30 − 32] , QCD spectral sum rules [33] , heavy quark effective theory [11, 34 − 36] , chiral perturbation theory [2] , chiral quark model [9] , SU(4) skyrmion model [37] , group theoretical [10, 38, 39] and other approaches [3 − 5, 7, 8, 40 − 44] are widely used.
The charm baryon masses measured to date are 1 [16] Λ to be around 2580 MeV [2, 4, 5, 7, 8, 11] (see also [20, 41, 43] ). Similarly, the mass of the Ω * c is very consistently predicted to be around 2770 MeV [2, 3, 4, 5, 7, 9, 11 ] (see also [1, 21, 26, 30, 41] ). Predictions for the double-and triple-charmed baryon masses are less definite.
Here we wish to extend the approach based on the assumption of (quasi)-linearity of the Regge trajectories of heavy hadrons in the low-energy region, initiated in our previous papers for heavy mesons [46, 47] , to baryons. We shall show that new quadratic Gell-Mann-Okubo type baryon mass relations can be obtained, and used to predict the missing charmed baryon masses. As we shall see, the predicted masses are in good agreement with the results of many other approaches, which should add confidence to an experimental focus on the predicted ranges.
Let us assume, as in [46, 47] , the (quasi)-linear form of Regge trajectories for baryons with identical J P quantum numbers (i.e., belonging to a common multiplet). Then for the states with orbital momentum ℓ one has (i, j, k stand for the corresponding flavor content)
Using now the relation among the intercepts [48, 49, 50] ,
one obtains from the above relations
In order to eliminate the Regge slopes from this formula, we need a relation among the slopes. Two such relations exist,
which follows from the factorization of residues of the t-channel poles [51, 52, 53] , and
which may be derived by generalizing the corresponding relation for quarkonia based on topological expansion and the qq-string picture [50] to the case of a baryon viewed as a quark-diquark-string object 2 [57] . For light baryons (and small differences in the α ′ values), there is no essential difference between these two relations; viz., for α
i.e, essentially the same result to order x 2 . However, for heavy baryons (and expected large differences from the α ′ values for the light baryons) these relations are incompatible; e.g., for α
One therefore has to choose between these relations in order to proceed further. Here, as in [46, 47] , we use Eq. (4), since it is much more consistent with (2) than is Eq. (3), which we tested by using measured light-quark baryon masses in Eq. (2). Kosenko and Tutik [40] used the relation (3) and obtained much higher values for the charmed baryon masses than the measured ones (e.g., Ω c = 2788 MeV) and those predicted by most other approaches (see Table I ). The reason for this is that lower values for the Regge slopes, as illustrated by the example above, lead to higher values where i n , j s , k c = 1, 2, 3 are the numbers of n-, s-, and c-quarks, respectively, which constitute the baryon, and the sub-and superscript ⋆ allows for possible differences between multiplets (such as It then follows from (6) that
where we use ⋆ = N to represent the 1 2 + multiplet, and with ⋆ = ∆ to represent the
Consider first the J P = 3 2 + baryons. Introduce, for simplicity,
It then follows from (5)- (13) that
Note that there are four unknown parameters for each multiplet. By eliminating them, i.e., x, y, λ ∆ s , λ ∆ c , from the above nine equalities, we can obtain five relations for baryon masses; e.g.,
However, just four of them are linearly independent, because of an invariance of the nine equalities under simultaneous permutation (x ↔ y, λ s ↔ λ c 
where 
which has been subsequently generalized to the charmed sector by replacing the squark by the c-quark, as follows [40] :
It then follows from the corresponding relations based on (1),(2) that, respectively,
and therefore
i.e., in the relations (32),(33) a = b = . It is also seen that the only parameter which is responsible for different weighting of the states having the same flavor content and J P quantum numbers is the isospin of the state. Thus, since both Ξ c and Ξ 
Equations (25)- (31), with (39)- (41) , are new quadratic baryon mass relations. In the following, we shall make predictions for the baryon masses not measured so far using these relations.
For the 1 2 + baryons, in the approximation of equality of the slopes in the light quark sector, α
which is a relation obtained by Oneda and Terasaki in the algebraic approach to hadronic physics [59] which holds with an accuracy of ∼ 1.5%: (in GeV) 5.235 ±0.015 vs. 5.160 ± 0.010. Similar approximation for the 3 2 + baryons leads, through (2), to
which have long been discussed in the literature [49, 59, 60, 61] and hold with a high accuracy, as well as (42). The mass of the Ξ ′ c can now be obtained from Eqs. (30), (39)- (41). Using the measured masses of the states entering these relations, one finds
The mass of the Ω * c is obtained from (28):
One sees that the value for the Ξ ′ c mass (44) lies within the interval provided by experiment [12] . Both (44) and (45) are consistent with the values 2580 and 2770 MeV, respectively, predicted by almost all very recent calculations [2, 4, 5, 7, 11] . Now, we have two (independent) relations for the and (29), to make predictions for the three unknown masses of the Ξ * cc , Ω * cc , and Ω ccc . Similarly, we have one relation for the 1 2 + baryons, Eq. (31), to make predictions for the two unknown masses of the Ξ cc and Ω cc . In order to obtain two additional relations (for each of the two multiplets), we shall use the approximation of equality of the slopes in the light quark sector referred to above. Indeed, we have fitted the three, vector meson, octet baryon, and decuplet baryon mass spectra simultaneously, by using a common value of x in Eq. (24) and similar relations for vector mesons and octet baryons for all three multiplets. Our results are shown in Table I (the calculation is completed when λ ∆ s becomes zero first of the three λ's). It is seen that the best simultaneous fit corresponds to x = 0.05 ± 0.01 << 1, and therefore the approximation of equality of the slopes in the light quark sector is completely justified.
For the 1 2 + baryons, it then follows from (7)- (10) (with γ
We now apply the procedure developed for mesons in [46] to baryons, using the following relations based on (2) and (46),
, and obtain a sixth power relation for the 1 2 + baryon masses:
The same procedure applied for the 
Equations (47) and (48) yield the following values for the masses of the Ξ cc and Ξ * cc :
The values for the masses of the Ω cc and Ω * cc can now be obtained from Eqs. (29) and (31), respectively:
The remaining value for the Ω ccc mass is obtained either from (26) or (27):
MeV from (26), 4928 ± 70 MeV from (27) . (53) Both results are consistent, as they should be. The effect on the + baryons is negligible (≤ few MeV), except for the splitting between nonstrange and singly strange baryons (see (42) , (43)). Even in this case the absolute size of this splitting is small, and so the included error is not more than 2%. More significantly, this does not affect the multiply strange and charm states by more than 1%.
Our results are shown in Table II , together with the predictions of many other approaches. One sees that our predictions for the charmed baryon masses done in the Regge framework are in good agreement with those of different approaches. In particular, the predicted value for the Ξ ′ c lies in the range provided by experiment [12] , and is in close proximity to 2580 MeV, consistent with the very recent predictions [2, 4, 5, 7, 8, 11] . The predicted value for the Ω * c mass is in close proximity to 2770 MeV, consistent with almost all very recent calculations [1 − 5, 7, 9, 11] .
As remarked by Kaidalov [50] , the relations (2),(4), on which our mass predictions are based, have such a structure that a variation of α ′ kji by 10-15 % leads only to about 1% change in the values of masses m kji . Thus, although our calculation of the baryon masses in the double-and triple-charm sectors is based on the assumption of equality of the slopes in the light quark sector, we expect our results to be insensitive to any further adjustment of the values of these slopes.
Extension of the present framework to the beauty sector, and predictions for the masses of the beauty baryons will be the subject of a separate publication.
We note (from Table II ) with interest that our results are closest to those derived using a quark-diquark model [43] . Agreement between such a model and linear Regge trajectories is expected from both the QCD area law of the Wilson loop [55] and string approach [54] . We plan to investigate this further in the future. Table I . Simultaneous fit to the vector meson, octet baryon, and decuplet baryon spectra, through the relations λ's are measured in GeV 2 .
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